The degradation kinetics of catechin in aqueous solution in the presence of l-ascorbic acid or octanoyl l-ascorbate, which was synthesized through the immobilized-lipase-catalyzed condensation of ascorbic and octanoic acids in acetonitrile, and of various organic acids were expressed by a first-order equation. The stability of catechin was reduced by the addition of ascorbic acid or octanoyl ascorbate at a concentration of 10 mmol/L, although the rate constant, k, for degradation in the presence of ascorbic acid or octanoyl ascorbate decreased with increasing citric acid concentration. Malic, lactic and sorbic acids were also effective for decelerating the oxidative degradation by ascorbic acid and octanoyl ascorbate, but their suppressive effects on the degradation of catechin differed between the solutions containing ascorbic acid and octanoyl ascorbate. This indicates that octanoyl ascorbate acts on catechin with a different mechanism from that of ascorbic acid.
Introduction
Catechins are known constituents of green tea and have physiological functions, including antioxidative activity (Huang and Frankel, 1997) and the ability to suppress adipocyte differentiation (Furuyashiki et al., 2004) . Drinks containing catechins also tend to contain acidic additives, such as water-soluble organic acids, with the most common acidifier being citric acid. The stability of tea catechins in aqueous solution has been investigated by many researchers (Chen et al., 1998; Friedman and Jürgens, 2000; Tanaka and Kouno, 2003) . More recently, Aoshima and Ayabe studied methods to prevent the deterioration of catechin-enriched green tea (Aoshima and Ayabe, 2007) . Ortiz et al. examined the effects of storage relative humidity and addition of other ingredients, such as citric and ascorbic acids, on catechin stability in green tea powder (Ortiz et al., 2008) . l-Ascorbic acid is a water-soluble vitamin known as vitamin C and is widely used as an additive in foods and beverages due to its strong reducing ability. 6-O-Acyl ascorbate, which is synthesized through the condensation of ascorbic acid and fatty acid using an immobilized lipase in an organic solvent, has both higher and lower suppressive activities than ascorbic acid, depending on their concentrations in aqueous solution (Watanabe et al., 2009) . In this study, the effects of the coexistence of octanoyl ascorbate, which is one of the most soluble acyl ascorbates in water, and citric acid on the degradation of catechin was compared with the case of ascorbic acid. (+)-Catechin solution, not green tea extracts, was selected as a simple system to investigate this, as complex reactions, such as the intermolecular coupled-oxidation between catechol ring and hydroxy o-quinone of catechins, may occur for solutions with mixed catechins (Tanaka and Kouno, 2003) .
Materials and Methods
Materials (+)-Catechin (purity: 98%) was purchased from Sigma (St. Louis, MO, USA). Caffeine, which was used as an internal standard for determination of catechin by HPLC, was purchased from Kishida Chemical (Osaka, Japan). l(+)-Ascorbic acid was purchased from Nacalai Tesque (Kyoto, Japan). Octanoic, citric, malic, lactic and sorbic acids were purchased from Wako Pure Chemical Industries (Osaka, Japan). Other chemicals of analytical grade were purchased from either Wako or Yoneyama Chemical (Osaka, Japan).
Octanoyl l-ascorbate was synthesized via the condensation of ascorbic and octanoic acids in acetone using immobilized lipase from Candida antarctica (Roche Molecular Biochemicals, Mannheim, Germany) and was purified according to previous methods (Watanabe et al., 1999; Yan et al., 1999) .
Effects of citric acid concentration on the stability of catechin in the presence of ascorbic acid or octanoyl ascorbate Ascorbic acid or octanoyl ascorbate was dissolved in 0.2 mol/L sodium phosphate buffer (pH 6.0) to obtain each solution at a concentration of 100 mmol/L. Similarly, catechin and citric acid were separately dissolved in buffer at 10 and 100 mmol/L, respectively. Ascorbate and citric acid solutions were then mixed with the catechin solution at appropriate volumes. The concentration of citric acid was 1, 5 or 10 mmol/L, and that of catechin was 1 mmol/L. The concentration of ascorbic acid or octanoyl ascorbate was 10 mmol/L. Each mixture (10 mL) was put in an amber vial and the vial was immersed in a water bath at 60℃. At appropriate intervals, a portion of the solution (50 μL) was removed from the vial and mixed with 50 μL of 1.3 mmol/L caffeine and 900 μL of the eluent for HPLC analysis. The mixture (20 μL) was applied to a Chemcosorb300-5C18 column (4.6 mmφ × 250 mm; Chemco Scientific, Osaka, Japan) and eluted with a mixture of methanol, water and phosphoric acid (20/80/0.5 by vol.) at 1.0 mL/min using a Shimadzu LC-10AT pump (Kyoto, Japan). The elution profiles of catechin and caffeine were monitored using a Shimadzu SPD-10A UV detector at 280 nm.
Effects of other organic acids on the stability of catechin In place of citric acid, malic, lactic or sorbic acid was dissolved in the above-mentioned buffer, resulting in each solution having a concentration of 1 mmol/L. Each solution was mixed with 10 mmol/L catechin solution and 1 mmol/L ascorbic acid or octanoyl ascorbate at appropriate volumes. The concentrations of catechin, each organic acid, and ascorbic acid or octanoyl ascorbate were 1 mmol/L, 5 μmol/L and 5 μmol/L, respectively. Each solution (10 mL) was placed into an amber vial, which was kept at 60℃ using a water bath. The fraction of remaining catechin was determined by the above HPLC methods.
Results and Discussion
Effects of citric acid concentration on stability of catechin in the presence of ascorbic acid or octanoyl ascorbate Figure 1 shows the transient changes in the fractions of remaining catechin, which were represented as C cat /C cat,0 , in the presence of citric acid alone, citric and ascorbic acids, and citric acid and octanoyl ascorbate. C cat was the concentration of catechin at time, t, and the initial concentration of catechin, C cat,0 , was 1 mmol/L. To compare the effects of coexisting compounds on the degradation of catechin, the degradation kinetics of catechin in the presence of citric acid and octanoyl ascorbate were assumed to be expressed by firstorder kinetics:
where, k is the rate constant. The rate constant of first-order kinetics was evaluated to best-fit the experimental results by the regression function of Microsoft ® Excel 2003, as
shown by the solid curves in Fig. 1 . Figure 2 shows the effects of citric acid concentration on the k value of the firstorder kinetics for the degradation of catechin in the presence of ascorbic acid or octanoyl ascorbate and citric acid. The k value for the degradation of catechin with 1 mmol/L of citric acid was higher than that without citric acid, although the values with 5 and 10 mmol/L citric acid were almost the same those in the presence of citric acid and ascorbic acid or octanoyl ascorbate. The k value increased with the addition of ascorbic acid to the 10 mmol/L to 1 mmol/L catechin solutions. Ascorbic acid is known to exhibit a proxidative effect in vivo (Podmore et al., 1998) . The high concentration of ascorbic acid apparently accelerated the oxidative degradation of catechin (Watanabe et al., 2009) . The k value for the degradation of catechin in the presence of ascorbic and citric acids decreased slightly as the concentration of citric acid increased. The stability of catechin in the presence of ascorbic acid would increase with decreasing pH (addition of citric acid), because the acid dissociation of the phenolic group in catechin molecule has a stronger electron-donating capacity than the undissociated group (Aoshima and Ayabe, 2007) . It has been proposed that the first step for the autoxidation of catechin in an aqueous solution is the one-electron oxidation of the B ring of catechins by molecular oxygen to generate a superoxide anion and a semiquinone radical, and that via these catalysts, the autoxidation proceeds via radical chain reactions (Mochizuki et al., 2002) . The stability of the superoxide anion and semiquinone radical may also decrease with pH. It is known that the degradation of polyphenols, such as anthocyanins, is accelerated by ascorbic acid with coexistent iron. Thus, if there were trace levels of iron in the solution, the degradation of catechin would proceed through the synergistic effects of ascorbic acid and the metal. The chelation of metal by citric acid may weaken this effect and improve the stability of catechin. Octanoyl ascorbate also lowered the stability of catechin, and the k value with octanoyl ascorbate was higher than that with ascorbic acid. We previously found that formation of micelles with octanoyl ascorbate may prevent it from suppressing the oxidative degradation of catechin in an aqueous solution, based on its critical micelle concentration (Watanabe et al., 2009) . The k value with coexistent octanoyl ascorbate and citric acid depends on the concentration of citric acid, and the value decreased with increasing concentration. Similarly, in the case of ascorbic acid, there was a tendency for the stability of catechin in the presence of octanoyl ascorbate to be improved by addition of citric acid. However, the influence of citric acid with octanoyl ascorbate was stronger than that with ascorbic acid. Citric acid may therefore restrict the behavior of octanoyl ascorbate as a surfactant due to its anionic properties.
Effects of various organic acids on the stability of catechin
To examine whether the suppressive action against the accelerated oxidative degradation of catechin by ascorbic acid and octanoyl ascorbate was specific to citric acid, the stability of catechin in the presence of various organic acids was measured. Figure 3 shows the degradation processes of catechin at 1 mmol/L with coexistent ascorbic acid or octanoyl ascorbate and citric, malic, lactic or sorbic acid. The conStability of Catechin in Aqueous Solution with Coexistent Ascorbic Acid or Octanoyl Ascorbate and Organic Acid Fig. 3 . Degradation processes of catechin at 1 mmol/L in the presence of (a) ascorbic acid, or (b) octanoyl ascorbate and (○) citric, (▽) malic, (□) lactic or (△) sorbic acid at 60℃. The concentrations of ascorbic acid, octanoyl ascorbate, and organic acids were 5 μmol/L. Solid curves were calculated using the estimated rate constant of first-order kinetics. 2 . Effects of concentration of citric acid on rate constant, k, of the first-order kinetics for the degradation of catechin in the presence of (○) citric acid, and with coexistent (□) citric and ascorbic acids, and (△) citric acid and octanoyl ascorbate at 60℃. The concentrations of ascorbic acid and octanoyl ascorbate were 10 mmol/L. centrations of ascorbic acid, octanoyl ascorbate, and organic acids were 5 μmol/L. pH values of the prepared solutions were about 6, irrespective of the addition of organic acids at low concentration. In all cases, the degradations of catechin could be expressed by first-order kinetics, and the stability of catechin decreased with the addition of ascorbic acid and octanoyl ascorbate. In the catechin solution containing ascorbic acid, the stability of catechin in the presence of citric acid was highest, and the addition of organic acids other than citric acid did not result in a difference in stability. Citric acid, which is a triprotic acid, would have a strong suppressive activity against the proxidative action of ascorbic acid. On the other hand, the difference among the stabilities of catechin in the presence of octanoyl ascorbate and organic acids was not substantial. Therefore, the effects of the tested organic acids on the behavior of octanoyl ascorbate may be similar.
The mechanism for the action of organic acids on the degradation of catechin in the presence of ascorbic acid or octanoyl ascorbate remains unclear, but organic acids, particularly citric acid, were effective in suppressing the acceleration of the oxidative degradation by ascorbates. In addition, the effects of organic acids on the degradation of catechin differed between solutions containing ascorbic acid and octanoyl ascorbate, indicating that octanoyl ascorbate acted on catechin by a different mechanism than ascorbic acid.
